Introduction
Aluminum is one of the most important alloying elements used for deoxidizing liquid steels. However, thermodynamics of aluminum deoxidation in liquid stainless steels is not fully understood because studies on the interaction between chromium and aluminum in liquid Fe-Cr-Al alloys are very limited. In order to precisely control aluminum deoxidation in liquid stainless steel, it is essential to have accurate thermodynamic data on the effect of chromium on aluminum in liquid iron containing high chromium.
There have been few investigations to study the effect of chromium on aluminum in liquid Fe-Cr-Al alloys. [1] [2] [3] [4] McLean and Bell 1) determined the effect of aluminum and chromium on oxygen activity in liquid iron under H 2 /H 2 O gas mixture. They obtained the first-order interaction parameter of chromium on aluminum, e Al Cr as 0.025 at 1 996 K in liquid Fe-Cr-Al-O alloys containing chromium up to 9.3 mass%. The effect of chromium on aluminum can be also determined in liquid Fe-Cr-Al-N alloys. Wada and Pehlke 2) determined the effect of chromium on aluminum nitride precipitation in their nitrogen adsorption experiments by the Sieverts' method for Fe-10%Cr-Al-N melts. They reported the e Al Cr values as 0.028 and 0.025, and the second-order interaction parameter values, r Al Cr as 0.0003 and 0.0006, respectively, at 1 873 and 1 923 K. The data determined by both research groups seemed to be consistent despite different experimental techniques. However, recently Kishi et al. 3) pointed out that the e Al Cr value reported by McLean and Bell 1) was too high to use for analyzing their experimental results on the Al-O relation in liquid As referred to the above studies, there is a considerable difference between the e Al Cr data being classified into two groups. One is around 0.025 and the other is around 0.01 as shown in Table 1 . Also, there is no information about the temperature effect on this important parameter value. In author's recent studies, 5, 6) thermodynamics of Fe-Al-N and Fe-Cr-N melts were studied as a function of temperature using the metal-nitride-gas and the metal-gas equilibration techniques, respectively, as summarized in Table 2 .
The purpose of this study is to determine the interaction parameter values of chromium on aluminum in Fe-Cr-Al melts by measuring Al and N contents to obtain the solubility product of AlN in Fe-Cr melts containing chromium up to 26 mass% in the temperature range from 1 873 to 1 973 K. The reliability of data obtained in the present study was discussed by checking the correlation between the calculated values and experimental results of the Al-O relation in liquid Fe-Cr alloys containing chromium up to 20 mass% at 1 873 K.
4,7)

Experimental Procedures
Solubility Product of AlN in Liquid Fe-Cr Alloy
The metal-nitride-gas equilibration experiments were Thermodynamic interaction of chromium on aluminum in liquid Fe-Cr-Al alloys was studied by measuring the effect of chromium on the solubility product of AlN in liquid Fe-Cr-Al-N alloys containing chromium up to 26 mass% by the metal-nitride-gas equilibration technique in the temperature range from 1 873 to 1 973 K. Aluminum nitride formed in the melt was identified as a pure solid stoichiometric AlN. As the chromium content increases in the melt saturated with AlN, the critical nitrogen solubility increases significantly, while the aluminum solubility decreases. Using Wagner's formalism, the present results were thermodynamically analyzed to determine the first-and the second-order interaction parameters between chromium and aluminum given as follows: carried out to determine soluble aluminum and nitrogen in Fe-Cr melts in the presence of pure solid AlN under reduced nitrogen pressures of 0.3-0.5 atm. The experiment was carried out using a 15 kW/30 kHz high frequency induction furnace. Detailed descriptions of experimental apparatus and procedure are available in author's recent studies on Fe-Al-N, Fe-Cr-N and Fe-Cr-Ti-N systems. 5, 6, 8) Five hundred grams of high purity electrolytic iron contained in an Al 2 O 3 crucible (OD: 56 mm, ID: 50 mm, H: 96 mm) was melted in the temperature range from 1 873 to 1 973 K. The melt temperature was monitored by a Pt/Pt-13mass%Rh thermocouple sheathed with an 8 mm OD alumina tube immersed in the melt. Previous studies confirmed that no significant noise was detected.
9) The temperature fluctuation of iron melt could be controlled within 2 K during experiment by the PID controller of the induction furnace. After the temperature of iron melt was reached to a desired value, an Ar-10%H 2 gas was blown onto the melt surface at a high flow rate of ϳ5000 mL/min for 2 h to deoxidize the melt. The oxygen content in the iron melt after this procedure was in the range of 15-20 mass ppm. Then the gas was switched to a mixture of Ar-10%H 2 and N 2 gases to have nitrogen partial pressures from 0.3 to 0.5 atm. The flow rate of each gas was controlled by a mass flow controller at a total flow rate of 1 000 mL/min. Strong agitation of melt by an induction furnace resulted in a fast attainment of equilibrium nitrogen solubility in liquid iron within 1 h under a nitrogen partial pressure. After confirming the equilibrium nitrogen solubility in liquid iron by sampling and in-situ analysis, pellets of aluminum (99.9 mass% purity) were dropped into liquid iron through an 18 mm ID quartz tube. After the predetermined equilibration time of 1 h, a metal sample of about 10 g was extracted by a 4 mm ID quartz tube connected to a syringe (10 mL) and quenched rapidly in water within 2 s. Aluminum addition and sampling were repeated until a stable AlN layer was formed on the surface of the iron melt. The formation of AlN in iron melt could be also confirmed by a sharp decrease in nitrogen content checked by the analysis of metal samples during experiment.
After the saturation of AlN in Fe-Al-N melt, pellets of chromium (99.9 mass% purity) additions and samplings were carried out with a predetermined equilibration time of 2 h. The amount of chromium addition was up to 26 mass% in liquid iron. In order to insure the saturation of AlN in liquid Fe-Cr-Al-N alloys during chromium additions, about 2 g of AlN pellets were added onto the melt. Aluminum nitride pellets were prepared by sintering stoichiometric AlN powder (99% purity, Ͻ10 mm, Aldrich Chemical Co.) in a pure nitrogen atmosphere at 1 923 K for 12 h.
The metal samples extracted by a quartz tube during experiment were carefully cut for the chemical analysis. In author's previous studies, 6, 10, 11) the detailed procedure for chemical analysis is available. The nitrogen and oxygen contents in the metal sample were measured by the inert gas fusion-infrared absorptiometry technique with an accuracy of Ϯ1 mass ppm. For the analysis of chromium and aluminum, the metal sample (0.2 g) was dissolved in 20 mL of HCl (1ϩ1) in a glass beaker of 50 mL capacity heated in a water bath for 2 h. Chromium and aluminum dissolved in the sample solution was then analyzed by the ICP-AES using the appropriate standard solutions containing the similar amount of Fe as in the sample solutions. The analytical limit for chromium and aluminum in metal sample was 5Ϯ1 mass ppm.
After each experiment, the melt remained in an Al 2 O 3 crucible was quenched by blowing helium gas onto the melt surface. In order to check the presence of inclusions including AlN in the quenched melt, about 10 g of metal sampled near the upper surface of the melt was dissolved in dilute HCl (1ϩ1) solution heated in a water bath for 72 h. After the complete dissolution of metallic portion, the residue was filtrated and analyzed by the X-ray diffraction analysis (XRD, High power X-ray Diffractometer System, Rigaku D/MAX-2500/PC).
Al-O Relation in Liquid Fe-Cr Alloy
In order to check the reliability of data obtained in the present study, Al deoxidation experiments were carried out at 1 873 K for a Fe-16%Cr melt in the presence of a CaO-Al 2 O 3 slag contained in an Al 2 O 3 crucible using the same induction furnace described in the preceding section. Detailed descriptions of experimental apparatus and procedure are available elsewhere. 7) One hundred and fifty grams of Fe-16%Cr alloy (C: 0.036, O: 0.015, N: 0.002, PϽ0.003, SϽ0.003 in mass%) contained in an Al 2 O 3 crucible (OD: 40 mm, ID: 30 mm, H: 50 mm) was melted at 1 873 K under an Ar-3%H 2 atmosphere. In order to remove any residual oxygen in the reaction chamber during heating, the mixture of Ti chips and MgO granules was packed in the space between the inner and outer crucibles. The flow rate of an Ar-3%H 2 gas, which was dehydrated by magnesium perchlorate and deoxidized by Ti (873 K), was in the range of 100 to 150 mL/min. For the preparation of CaO-Al 2 O 3 slag, the mixture of high purity CaO and Al 2 O 3 powders of a mass ratio of 40 and 60, respectively, were melted in a carbon crucible at around 1 873 K. The molten slag was quenched on a steel plate and powdered before use.
When the temperature of melt was reached to 1 873 K, pure Al and pre-fused CaO-Al 2 O 3 slag which were kept in a glass tube by iron foil and magnet, were dropped onto the melt. After the predetermined equilibration time of 1 h, the Al deoxidized Fe-16%Cr melt in the presence of CaO · Al 2 O 3 saturated slag contained in an Al 2 O 3 crucible was quenched rapidly by helium gas blowing in the chamber and followed by a water quenching. The quenched metal sample was cross-sectioned and examined with an optical microscope for the presence of non-metallic inclusions. The center part of metal sample was virtually clean without any noticeable inclusions, and was used for the chemical analyses. Metal samples were analyzed for the oxygen, chromium and aluminum as described in the preceding section. The contents of Al, Ca and Cr in slag were determined by ICP-AES emission spectrometry.
7)
Result and Discussion
Inclusion Identification
As shown in Fig. 1(a) , the inclusions formed in the melt during the metal-nitride-gas equilibration experiments were identified as pure AlN and Al 2 O 3 phases. The result was also compared with the XRD pattern of the stoichiometric AlN powder (99% purity, Ͻ10 mm, Aldrich Chemical Co.) shown in Fig. 1(b) . By comparing 2q values of the diffraction peaks, the aluminum nitride formed in Fe-Cr-Al-N melt in the present study can be considered as a pure solid stoichiometric AlN. where K AlN is the equilibrium constant for Reaction (1) , and h Al and h N are the Henrian activities of aluminum and nitrogen relative to 1 mass% standard state in liquid iron, and f Al and f N are the activity coefficients of aluminum and nitrogen, respectively. The activity of AlN in Eq. (3) is unity in the present study. Figure 2 shows the variation of equilibrium nitrogen solubility in Fe-Al-N melt with aluminum additions under different nitrogen partial pressures of 0.3 and 0.5 atm at 1 873 K. Reduced nitrogen pressures were used to keep nitrogen content low in the melt and hence to avoid an excessive formation of AlN on aluminum additions. The nitrogen solubility decreases linearly as the aluminum content increases in liquid iron when the melt is not saturated with AlN as shown as open symbols in the figure. When the aluminum content exceed a critical value, the nitrogen solubility decreases significantly due to the formation of AlN in the melt as shown as solid symbols in the figure. The solid line in Fig. 2 is the equilibrium solubility product of aluminum and nitrogen for AlN formation at 1 873 K determined in author's previous study on AlN formation in Fe-Al-N melts.
Effect of Chromium on Solubility Product of AlN in Liquid Iron
5) The predicted line for the solubility product of AlN is in excellent agreement with experimental data in the present study. AIN (s) Al N ϭ ϩ 1 973 K. As the chromium content increases, the nitrogen solubility increases significantly while the aluminum solubility decreases. Figure 4 shows the effect of chromium additions on the solubility product of AlN, log[%Al] [%N] in liquid iron at different temperatures. Chromium increases the solubility product of AlN in Fe-Cr melt, and the effect of chromium on the solubility product of AlN is primarily due to the large effect of chromium on the solubility of nitrogen in the iron melt. In order to determine the thermodynamic relation between chromium and aluminum from the AlN solubility product data in Fe-Cr-Al-N melts, the equilibrium constant, K AlN can be rewritten as the following relation using Wagner's formalism where f Al Cr is the interaction coefficient of chromium on aluminum and is a measure of the effect of a specific concentration of chromium on the behavior of aluminum in liquid iron. As mentioned earlier, the oxygen content in the melt was very low and the effect of oxygen on aluminum and nitrogen was assumed to be negligible.
Therefore, the values of e Al Cr and r Al Cr in Eq. (5) can be determined from the AlN solubility data in Fe-Cr-Al-N melts. Figure 5 shows the values of log f Al Cr plotted vs. percent chromium in Fe-Cr-Al melt using the relation expressed by Eq. (5). The log f Al Cr value increases linearly with chromium content up to 26%, and the temperature effect is negligible as shown in the figure. Therefore, the values of e Al Cr and r Al Cr can be determined as 0.0122Ϯ0.00028 and 0, respectively, by a linear regression analysis of data. No temperature dependence on these values was determined in the temperature range from 1 873 to 1 973 K. pares the relation of log f Al Cr vs. percent chromium in Fe-Cr-Al melt determined by different authors, and the interaction parameter values of chromium on aluminum are compared in Table 1 . The e Al Cr value determined in the present study is in good agreement with the values determined by Kish et al. 3) and Ohta et al. 4) despite different experimental techniques and aluminum concentration range. ......... (8) where K Al 2 O 3 is the equilibrium constant for Reaction (6) and, h Al (9) used for the calculation are given in Table 2 . 5, 13) As the chromium content increases in liquid Fe-Cr alloy, the equilibrium oxygen content increases at a given aluminum content. The data points shown by open symbols in Fig. 7 are the experimental results of the Al-O relation measured at aluminum content less than 0.03 mass% in Fe-10 and 20 mass% Cr alloys equilibrated with a CaO-Al 2 O 3 slag (a Al 2 O 3 ϭ0.33) by Ohta and Suito.
Equilibrium Relation of Al-O in
4) The solid symbols in Fig.  7 are the Al-O relation measured for a Fe-16mass%Cr alloy in the presence of CaO · Al 2 O 3 saturated slag in our unpublished study. 7) The experimental data are in good agreement with the calculated lines. In this calculation, the interaction parameter values between chromium and oxygen in the melt, e O Cr and r O Cr have been taken from the recommended values in JSPS 13) where the data are valid in the range of [%Cr]Ͻ30.
As discussed above, the e Al Cr value determined in the present study using the metal-nitride-gas equilibration technique in Fe-Cr-Al-N melt was in good agreement with the value determined from the aluminum deoxidation experiment in Fe-Cr-Al-O melts. 3, 4) The correlation between the calculated values and experimental results of the Al-O relation in liquid Fe-Cr-Al-O alloys confirmed the reliability of data obtained in the present study.
Conclusions
In order to study the interaction between chromium and aluminum in liquid Fe-Cr-Al alloys, the effect of chromium on the solubility product of AlN in liquid Fe-Cr alloys was measured by the metal-nitride-gas equilibration technique in the temperature range from 1 873 to 1 973 K. The main findings of this study are summarized as follows.
(1) The first-and the second-order interaction parameters between chromium and aluminum in liquid Fe-Cr-Al alloys containing up to 26 mass% Cr are determined as follows. 
